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STUDIES OF RADIOWAVE PROPAGATION IN T:E SOLAR SYSTEM

M. A. Kolosov and 0. I. Yakovlev

Introduction

The first studies of radiowave propagation in the solar sys- /291%*

tem were carried out, in connection with the requirements of
radio astronomy and planetary radar. The launches of spacecraft
to the planets and the moon stimulated more thorough study of
radiowave propagation in the solar system. It became necessary
to determine the effect of the environments found on frequency,

phase, group time lag, polarization, amplitude and energy spectra'

of radiowaves in various situations, when the transmitter was
located aboard a space vehicle and the receiver on earth. In the
solar system, radiowaves can propagate through the atmospheres
of planets and through the interplanetary and near-solar plasma;
they alsc can be reflected by the surfaces of the planets or the
moon. The basic cases of radiowave propagation in: the solar
system are shown in Fig. 1. The letters a, b and ¢ designate
various cases of the interaction of radiowaves with the environ-
ments specified. The dashed curves in Fig. 1 show the trajec--
tories of space vehicles, the arrows mark radiowave beams, and
the locations of the vehicles are indicated by the letter T.

In the movement of a space vehicle near the planets or the
moon, reflection of the radiowaves emitted by these vehicleé
from the surface of the celestial body takes place (case a).
Since the radiowave source is moving, the Doppler frequency
shifts for the direct and reflected waves turn out to be
different. On earth, this permits the signals corresponding to
the reflected and direct waves to be diétinggished and the

# Numbers in the margin indicate pagination in the forelgn text.
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; E regularities of reflection of / :
: E a . _——""" the radiowaves in this situation :
é E i,éffﬁf”’i::<,f~“’“'ﬂ’# to be studied. In connection -'ié
? ; /t Aﬁﬁﬁﬁ:ﬁ}}\ \ with this, the necessity arose O i%
i yd '7§ | for the conduct of analysis of :
- I i radiowave scattering by a rough
A b- , sphere, with random locations of Ty
i 7 the source and receiver. Experi- %
g mental studies of the reflection ' i
i of radiowaves emitted from ,;
; satellites permits determination Z
of the distribution of the
g ! dielectric constant, rock density
o and relief irregularities over T3
: the surfaces of the planets or A
5— | the moon. In principle, it is ' ‘%
: i possible to obtain an image of f
g é ' . the surface of a planet by this ;
; § method. 7 - f
}‘ Fig. 1. Basic cascs of radio- g o :
. wave propagation in the solar If a spacecraft is located :
;; system. on the surface of a planet or ‘j
moves behind the planet, the T
: radiowaves are propagated through the atmosphere of the planet g
3‘ (case b). The regularities of radiowave propagation in the /292 ;
% atmospheres of planets depends strongly on the pressure, as a ;
? consequence of walch the dense atmosphere of Venus has a strong F
g ' effggt and the rarefied atmosphere of Mars has little effect on _ %
g radiowave propagation. In analysis of radiowave propagation in ’ §
é the atmospheres of planets, 2 cases of location of the space ' f
i vehi:le should be distinguished, when it is on the surface of the .

planet or moves in the zone of the penumbra behind the planet.

With the vehlicle located on the surface of the planet, radiowaves,
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propagating through its atmc:iphere, can undergo absorption,

refraction and fading. If the spacecraft is moving in the
penumbra zone and goes behind the planet, radio occultation

of the atmosphere occurs. In this case, changes in the radiowave
amplitude and frequency are observed. Varlations 1in these
quantities recorded on earth give information on the atmesphere
and ionosphere of the planet. Radlo occultation permits
determination of the dependence of pressure, temperature and
electron concentration on altitude.

In movement of a space vehicle in a planetary orbit, the
radiowaves propagate in the interplanetary or near-solar plasma
for distances of several hundreds of millions of kilometers (case
¢). In this case, the presence of the plasma results in the
appearance of phase and amplitude fluctuations, change in the
energy spectrum and appreciable time lag of the radiowaves. These
phenomena are manifested very slightly in interplanetary space
but, in the near-solar plasma under specific conditions, they
can be expressed very s?n%égly. Study of the variation of these
radiowave parameters enablee« the interplanetary and near-solar
plasma and the conditions of radio communications with inter-
planetary vehicles to be studied. ‘

The purpose of the work is to survey studies of radiowave
propagation in the solar system, performed in 1963-1973, by means
of Soviet spacecraft. The results of analogous studies performed
in the USA are presented in very compressed form, although the
bibliography presented is rather complete.

1. Radlio Occultation of the Atmosphere of Mars

The rarefied atmosphere of Mars has a slight effect on radio-/293
wave propagation., This effect 1s manifested noticeably, only in
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radio occultation of the atmosphere, in the case of move-
ment of the space vehicle behind the planet. Repeated radio
occultation of the atmosphere of Mars was carried out in
1971, by means of the satellite Mars-2 [1, 2]. During movement
of the vehicle around the planet, sequential occultations

of the ionosphere and troposphere of Mars by decimeter radiowaves
(A = 32 cm) was carried out. In this case, the ground-based deep
space communications station received the signals aind measured
the radiowave parameters. Analysis of the changes of frequency,
phase and amplitude of the signals, which occurred in response

to the atmosphere of the planet, permitted the regularities of
radiowave propagation to be studied and new information on the
troposphere and ionosphere of Mars to be obtained.

In radio , occultation of the atmosphere of Mars, change
in frequency f occurs, both as a consequence of motion of the
space vehicle and because of the effect of the atmosphere of the
planet. The total frequency change in radio occultation
of a spherically symmetrical medium Af can be described by an
expression of the type

b =0f,AF = fu,e™t - oo, (1)

where ¢ 1is the velocity of radiowaves in vacuum; £ is the angle
of refraction in the atmosphere of the planet [3, 4]. The first i
term of this expression, which depends on projection of the

space vehicle velocity vector in the direction of earth Vis
describes the normal Doppler frequency shift. The second term,
which 1is proportional to the projection of the velocity vector
perpendicular to the direction to earth Vs is connected with the
parameters of the atmosphere of Mars through angle of refraction
£. Therefore, the component change in frequency Af can give
information on the atmosphere of the planet studied.
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In movement of Mars-2 behind the planet, radio occul-
tation of its ionosphere is carried out fievst. A typical frequency
change AFi in occultation of the ionosphere of Mars is
shown in Fig. 2. The value of AFi initially increases approxi-
mately exponentially during occultation of the upper part
of the ionosphere of the planet, in this case. A sharp decrease
in the value of AFi and a change in its sign then occurs, and two
characteristic minima then are observed. This frequency change
corresponds to occultation of the principal maximum and the
lower part of the ionosphere of Mars. With further decrease in
altitude of the beam above the surface of the planet, occul-
tation of the troposphere of Mars takes place. " A typlcal curve
of change in frequency vs. time for the tropospheric section 1is
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presented in Fig. 3.
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A . AF is proportional to the angle
of refraction of the radiowave £,
the value of AF contains informa-
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of radiowaves in the atmosphere

&7 \ ©? t, min of Mars. Experimental curves of /294

Flg. 2. Change in frequency - -
during radio eccultation of the angie of refraction of radlo-
ionosphere of Mars. waves vs. beam altitude in the

ionosphere and troposphere of

Mars are presented in Figs. 4 and
5. The rniumbers near the curves in Figs. 4 and 5 correspond to
the numbers of the experiments in radio occultation of the
atmosphere of the planet. The positive values of angles Et-i in
these figures correspond to deflection of the radliowave beam to
the outslde, with respect to the planet, and negative values
indicate deflection of the beam toward the planet. The angle of
refraction in the troposphere Et depends on the pressure. Because
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of the effect of the relief, the
zero altitudes did not coincide
in different experiments.

-

t During movement of the
T - vehicle behind the planet, a
o diffraction change in field
P

5 \
£3

45

! intensity 1s observed. An example

~08 s : 8.1 of radiowave diffraction on Mars
v/ v J7 - ed . sec .

- is presented in Fig. 6. A

- 3. ch in £ theoretical analysis of radiowave
g. 3. Change in frequency

during radio occultation of diffraction on a planet having

troposhpere of Mars. a highly rarefied atmosphere
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Fig. 4. Angle of refraction of radiowaves in ionosphere of Mars
vs. altitude above surface of planet. Numbers on curves, experi-
ment number. }
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was given in works [5, 6]; it

was shown here that a small
refraction attenuation of the
radiowaves 1s superimposed
additionally on the diffraction
change in field strength, and
that the diffraction curve is
shifted by a small angle of
refraction £. The refraction
attenuation depends on the dils-
tance between the spacecraft and

g 4N 27 X0 i KH4m the edge of the disc of the

Fig. 5. Angle of refraction planet; 1in the experiments

of radiowaves in troposphere described, thils attenuation was

of Mars vs. altitude of bean negligibly small. The time of
above surface of planet.

Numbers on curves, experi- contact of the beam on the
ment number. surface of the planet 1s found

E/[,, rel. units
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Fig. 6. Diffraction change in field intensity during movement of
Mars-2 behind planet.

from the diffraction curves of the change in field intensity.

Thls time is defined as the moment of decrease of the field inten-
sity by half; this moment is indicated by the arrow in Figs. 3 /296
and 6. Knowledge of velocity component Vaq and this moment of

time permits the altitute of the beam above the surface of the
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planet H to be found and, consequenctly, the measurements of the
angles of refraction and parameters of the atmosphere to be tled
in to specific altitudes.

The experimental functions § (H) found permitted new
information to be obtained on the daytime atmosphere in the
equatorial regions of Mars. The angle of refraction is connected
by the known relationship n(h) = 1 + N(h), to the dependence
of the coefficient of refraction of the radiowaves on altitude.
By application of an Abel transform to the refraction integral,
the corrected coefficient of refraction N(h) can be found [7].
In the case of a slightly refracting, spherically symmetrical

medium, this relation has the form
o

' () CH
N(h=- h
(h) “SV(«+H)’—(z+h)" (2)

where H is the minimum altitude of the beam above the surface of
the planet; h is the altitude of an arbitrary polnt in the
atmosphere of Mars; a 1s the radius of the planet. Relationship
(2) allows determination of the density of atoms in the
troposphere and the electron concentration in the ionosphere of
Mars, since the corrected coefficient of refraction of radiowaves
is proportional to these values. It 1s significant that the
radilo ceceultation method also permits determination of the
temperature and pressure in the troposphere of the planet.

The experiments showed that the concentration of atoms at the
surface of the planet in various regions was 1.7-3.3-1017 cm'3,
and the corresponding pressures were 5-10 mb. Pressure vs.
altitude curves, found from the data of several experiments, are
presented in Fig. 7. Since the surface pressure depends on the
rellef of the planet, function p(h) is displaced to the point

where the pressure equals 5 mb, and a provisional zero altitude

.
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of the surface 1is introduced.
the areas of the planet studied, the average altitudes were iu km,

and the pressure a‘

It follows from Fig. 7 that, in

the provisional zero altitude is 7 mb.

e, mbar: T T
. I ! )
T
" ! z
i
! .

Fig. 7. Pressure vs. altitude
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in troposphere of Mars.
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Fig. 8. Electron concentration

vs. altituade in lonosphere of
Mars.

Three altitude profiles
of electron concentration in
the 1lonosphere of the planet,
determined by radic trans-~
illumination by means of
Mars-2 are presented in Fig.
8. In the altitude section
h=150-250 km, the electron
concentration increases
approximately expcnentlally,
and the altitude scale for
this interval 1s 35 km. At
an altitude of 200 xm, the
electron concen‘ration was
3.14-10,4 em™3. The princip=’
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maximurm -~ the electron concentration, with a value Ne=l.7-105

cm-3, was r. orded at an altitude of about 14C km. With further
decrcase in al.titude, the electron concentration begins to

decrease, but a second maximum is found at an altitude of 110 km,

with an electron concentration of 7.5-10u cm'3. At altitudes of /297
less than 95 km, the electron concentration decreases, but a

third ionospheric maximum is observed approximately at an altitude

of 70 km, with an electron concentration on the order of 10 cm'3.
Compared with the terrestrial ionosphere, the Martian ionosphere

is less extended and more held down to the surface of the planet.

Radio occultation of the atmosphere of Mars also has
been carried out in the USA, by means of the Mariner spacecraft
[8-11]. The data obtained by means of these vehicles on the
troposphere and lonosphere of the planet correspond well to the gggg
results of the Soviet studles. It 1s significant that the
wavelengths and trajectories of the vehicles were different. This
indicates the reliability of the radio occultation method
for study of the atmospheres of planets. At present, there are
detalled experimental data on the effect of the troposphere and
ionosphere of Mars on the radiowave parameters, during passage
of the spacecraft behind the planet.

2. Studles of Radliowave Propagation in the Atmosphere of V-nus

In studies of Venus by means of Soviet descent vehicles,
study of radiowave propagation in the dense atmosphere of this
planet was carried out. Venera-4 was the first to reach the
planet, and it emltted radio signals through the atmosphere of
Venus. This fact gave an impetus to study of radlowave propagatlon
in the case of location of the space vehicle in the atmosphere or
on the surface of Venus. Preliminary results of analysis of this
task were presented in works [12-14]. Subsequent studies, carried
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out by means of the Venera-5, 6, 7 and § vehicles, gave specific
information on the atmosphere of the planet and permitted the
basic regularities of radiowave propagation in the atmosphere of
Venus to be found [15-18].

Radiowave attenuation in the atmosphere of Venus can be caused
both by absorption and by refraction effects. Radlowave abso.p-
tion in carbon dioxide, with admixture of other ccmponents, has
been studied under laboratory conditions [19]. However, this
study was carried out, by means of determination of the small
change in Q factor of a resonator filled with gas. Transfer of
these results to the dense and extensive atmosphere of Venus may
result in inaccuracies whi_.h do not yield to evaluation. 1In
connection with this, the accomplishment of direct tests of
radiowave propagation in the atmosphere of this planet is
important.

Study of radiowwve propagation in the atmosphere of Venus,
by means of the Venera-7 and 8 descent vehicles was carried out
in the following marner. After entry of the vehicles into the
atmosphere of Venus, opening of the parachutes and turning on of
the transmitters, over a peri«i of 13-16 min radio signals were
recelved from the uppe» part of the atmosphere, where thrz pressure
was less than 20 atm. It was known beforehand that this part of
the atmosphere should not affect a. “enuation of decimeter radio-
waves., A relatively fast descent of the vehicles to the su: face
of the planet then took place. The descent in the h=20-0 km
altitude section, where the pressure changed from 25 atm to 90
atm, took 17 and 33 mir, respectively, for Venera-7 and Venera-8.
In thls time, the transmitter power was practically constant.
It is significant that, after the descent, the vehicles emitted
radlowaves from the surface of the planet for a long time. During
measurements of the signals of Vermera-7, the radicwaves propagated
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along the vertical in the atmosnhere of the planet but, in the

case of Venera-8, the zenith angle of the radio beam on Venus was

4o°. Measurements c¢f the energy flux of the radiowaves, with
the vehicles located at various altitudes above the surface of

Venus, are presented in Fig. 9.

propagacion of radiowaves of the A=32 cm range through the entire
atmosphere of Venus, with a zenith angle of beam on Venus of less

It follows from Fig. 9 that, in

than Hod, attenuation of the radiowaves is not observed.
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Fig. 9. Constancy of average energy flux of radiowaves .during
descent of Venera-7 (a) and Venera-8 (b) to surface of planet.

In the centimeter wave range or at larger zenith angles of
the beam, the atmosphere of Venus should attenuate radiowaves.
The decrease in radiowave energy S in the atmosphere of this
nlanet, in the general case, 1s caused by-absorption and refraction

/299
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attenuation of radiowaves. It is expressed by an approrimate
- formuia of the type -

$ =5,(1-4] B exp (—a25in19), 3)
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where £ is the angle of refraction; B is the angle of site of the

beam; T 1s a parameter.

The first factor in (3) describes

refraction attenuation of radiowaves, caused by expansion of the

beam tube.

It depends on the derivative of the angle of refrac-
tion over the angle of site of the beam 4£/dB.

The second factor

takes abscrption of radiowaves into account; it depends on wave-

length A and parameter t=12 em™2.,

The results of calculations of

the dependence of total attenuation of the radiowave energy flux
on wavelength, for three angles of site, are presented in Fig. 10.
Curves 1, 2 and 3 are given for aungles of site of the beam of 90°,
30° and 12°, respectively, in the case of location of the trans-

mitter on the surface of Venus.

Radicwave absorption in the /300

atmosphere of this planet has been studied by radar ranging [20,
21]. The results of calculations of the radiowave attenuation
presented in Fig. 10 correspond to direct experiments, carried

out by means of descent vehicles, information on the gas composi-

tion and pressure in the atmosphere of Venus and radar data.
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Fig. 10. Radlowave energy
attenuatlon in atmosphere of
Venus vs. wavelength. 1. 90°;
2. 30°; 3. 12°. ‘

Irregularities in the
coefficient of refraction of
the atmosphere of Venus are
due to the appearance of
mild fading of the radio-
waves. An experimental
curve of the-extent of rapid
fluctuations of field intensity
of the A=32 cm radiowave
range vs, altitude of the
vehicle above the surface of
the planet, with vertical
propagation of the radiowaves,

is shown in Fig. 11l. Data

obtained by means of Venera-5 and Venera-6 (1), the results of
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Fig. 11. Degree of fluctuation
of decimeter radiowave fileld
intensity vs. altitude of
vei:iicle above surface of Venus.
1. Venera-5 and Venera-6 data;
2. Venera-7; 3. Venera-8 data.

. planet.

processing of the signals

of Venera-7 (2) and radiowave
fluctuations according to

the data of Venera-8 (3),

are presented in Fig. 11.
These fluctuations have a
characteristic period of
about 3 sec. Slow variations
in field intensity also were
observed during radio communi-
cations with the descent
These variations
could have been due to both

vehicles.

swinging of the descent
vehicle and the effect of
large scale irregularities
of the atmosphere of the

In connection with

this, the only recording of the Venera-8 signals received after

its landing on the surface of the planet were used to estimate

the slow variations.

Analysis showed that, after landing, slow

variations in field intensity, to the extent of about 10%, were

observed.

The irregularities in the coefficient of refraction of the

atmosphere of Venus can be due to both large scale meteorlogical
and turbulence of its atmosphere.

formations

~N
w
o
'—J

Ir it is assumed

that the rapid fluctuations of the radiowaves were caused by
atmospheric turbulence, the extent of fluctuation of the fileld
intensity is determined by an approximate expression of the type

& = 0,437 e sin Y11/, ()
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This formula results from the known theory of fluctuations in a
turbulent atmosphere and the experimental data described [17, 18].
It holds true for an angle of site of the beam B greater than
10°. A more detailed analysis of the radiowave fluctuations in
the atmosphere of Venus was carried out in [15-18, 22].

Refraction of radiowaves in the atmosphere of Venus was
expressed very strongly. The corrected coefficient of refraction
of radiowaves in the atmosphere of Venus depends on altitude 1in

the following manner:

N (h) === exp (-- ah* — bh —¢), (5)

here, a, b and ¢ are numerical parameters [52]. The angle of
refraction in the case beling considered is determined by a
certain integral, in which the specified function N(h) should

be incorporated. At a beam angle of site B=20°, the angle of
refractior turns out to be 2.6°. If the angle of site B
approximates 9°, the beam line is deflected so much that it does
not go beyond the atmosphere of Venus. In connection with this,
radlowave attenuation and fluctuations cannot be predicted
sufficiently reliably for small beam angles of site.

During movement of a space vehlcle near Venus, it is possible
to carry out radio occultation of its atmosphere. Since
Venus has a dense atmosphere, in radio occultation, a
strong change in radlowave amplitude and frequency should be
observed. In 1967, in the USA, a single radio occultation
of the atmosphere of Venus was carried out, by means of Mariner-5
[23, 24]. The authors of these works used the recorded changes
of radiowave amplltude and frequency to obtain dependences of
the electron concentration in the lonosphere, and pressure and
temperature in the troposphere of the planet on altitude., It 1s
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significant that, in radio transillumination of the atmosphere

of Venus, the beam does not penetrate deeper than the

critical

refraction level, which is located at an altitude of 34 km. 1In
works [4, 25, 26], additional possibilities of study of the
atmosphere of Venus by radio transillumination are considered.

It 1s highly effective for study of the upper part of
atmosphere and ionosphere of Venus.

the

3. Study of Reflection of Radiowaves Emitted by Satellites from

the Surface of the Moon and Planets

If a source of radiowaves moves near the planets
the radiowaves are reflected by the surfaces of these

or the moon,
celestial

bodies. This permits study of the reflection of radiowaves by

various sections of the surface of the planet or moon.
important that the region essential for reflection of
in the direction of the earth be small, in this case;
movement of the satellite of a planet or the moon, it
the surface of the celestiai body. This permits the
properties of various sections of the celestial body

It 1is /302

radiowaves
during
"traverses"
reflective
to be

studied. The value of the coefficient of reflection and the
shape of the energy spectrum of scattered radiowaves give
information on the dielectric constant, rock density and degree
of roughness of the relief of the section of the surface studiled.
This problem was studied in detall in the USSR, :~ works [27-34].

Similar studies in the USA are described in [27-39].

The problem under consideration and its theoretical formula-
tlon are reduced to analysis of the scuttering of waves by a
rough sphere, with arbitrary locati-u of the moving radiowave
source. Known regularities of raalowave scattevring by an area
of limited roughness, but flat on the averags, are used in solution
of this problem. If the surface of the pianet or moon is
represented 1in the form of a set of such areas, tangent to the

16

gt 40 e g b

.
Fe:

Vb AW g N Ry ey,

S A .

o

A

3 e W

i

e

g Lt o

R R



a0t CoE e e

RE

PEPRIp v

e Ly g T, B

s
Ve

' ep e, BEEIET 00

\ g A
> W R

PR vhe

Do,

i

o ART o

vd—{ﬁ .
o

B S,

spherical surface, the density of the energy flux of scattered
radiowaves can be determined by integration of the energy fluxes
from each elementary area. The power coefficient of reflection
of the radiowaves n2 in this problem equals the ratio of the
density of the scattered radiowave energy flux S to the density
of the energy flux SO’ which would be observed on the earth, if
the planet were replaced by an ideally conducting plane, tangent
to the sphere at the point of mirror reflection of the radiowaves.
Introducticn of such a definition 1is due to the fact that the
value of n turns out to be equal to the ratio of the field inten-
sities of the scattered and direct waves, with a nondirectional
satellite antenna. It was shown in work [28] that the power

‘ coefficient of reflection, for the case of emission of radiowaves
from the satellite and their reception on earth, can.be represented
by an approximate expression of the type

$M3 (zad)
TR (6)

where M is the Fresnel coefficient of reflection; a is the radius
of the planet or moon; R is the distance from the satellite to

the provisional point of mirror reflection of the radiowaves. The
value of s is determined by the following relationship:

1 9 +ay
sumjexp(-—-??@—-)ds, (7)

where y is the mean slope of the surface irregularity; Qx,y,z are
the projections of the scattering vector. The integration in (7)
i1s carried out over the portion of the surface of the planet,
which 1s simultaneously visible from the satellite and from the
earth. Expression (6) has a simple physical meaning. Quantity
(bnRz)-l characterizes the decrease in density of the radiowave

energy flux incldent on the scattering surface with increase in /303

S —

distance R. Factor s shows how much the scattering surface is
smaller than the cross section area of the planet; this factor

17




takes account of the sphericity and roughness of the scattering
. surface. The effect of the dielectric constant in (6) is

% ; reflected by Fresnel coefficient M. As an example, the results
of calculation of the intensity coefficient of reflection vs. ths ;
grazing angle of the radiowaves for a satellite of the moon is
presented in Fig. 12. Curve 1 corresponds to a sateilite altitude
of 100 km, and curve 2 is given for an altitude of 800 km. It

was assumed in the calculations that e€=3 and y=0.15. A comparison

of these data with the case of reflection of radiowaves by a
smooth sphere shows that, at grazing angles ¢>50°, the coefficient
i ; of reflection of a rough and a smooth sphcre practically

{ ] coincide. At angles 5°<¥<30°, a rough sphere has a somewhat

E larger coefficient of reflection than a smooth sphere of the same
dielectric constant of the material.

Experimental studies of the
coefficlents of reflection of
radiowaves were carried out, by
means of the satellites Luna-ll,
Luna-12 and Luna-14, in the
meter wave range [28, 29, 33].
/A The intensity scattering coeffi-

X W & RpSe
’ cient n vs. radiowave grazing angle
Fig. 12. Intensity coefficient

: of reflection vs. radiowave ¥, for a satellite altitude of

grazing angle y for satellite 250 km, obtained by means of the
ggotiﬁ.moon. 1. 100 km; 2. satellite Luna-l4, in the A=1.7
j m range, is presented in Fig. 13.

The theoretical curve (dashed) corresponds to a dielectric constant

g e -

. s

€=2.8 and a mean slope of surface irregularity y=0.15. Since
parameter y has little effect on the coefficient of reflection,

the dielectric constant 1s easily determined from the values of

the coefficient of reflection measured in this manner. By means

of the satellite Explorer-35, the coefficient of reflection with /304
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Fig. 13. Experimental values
of coefficient of reflection

of meter waves from the lunar
surface, from data of Luna-14

satellite.
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Fig. 14, Spectral width of
scattered radiowaves at 4
various grazing angles ¢,
from satellite Luna-19 data.

vertical radiowave polarization
was successfully measured and the
Brewster angle was determined [36].
According to the data of this work,
the grazing angle, at which the
Brewster minimum of the coeffi-

cient of reflection was recorded,

is 30°, which corresponds to e=3.

Radiowaves scattered by
various sections of a planet or
the moon have various Doppler
frequency shifts. This results
in formation of a diffuse energy
spectrum of the scattered radio--
waves. The energy spectra of
scattered radiowaves, in the case
of thelr emission from a satellite
of the moon and reception on the
earth, were analyzed in works
(29, 30, 32-34]. The analysis
showed that the width of the
energy spectrum depends strongly
on the grazing angle of the radio-
waves and the degree of roughness
of the scattering surface. This
conclusion of the theory was
confirmed experimentally. It
turned out that the width and
shape of. the energy spectrum are
sensitive to the nature of the

relief of a small section of the surface, corresponding to the
radiowave nirror reflection point. The dependence of spectral
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width on grazing angle is manifested only after averaging much
experimental material. Spectral widths by half-power level vs.
radiowave grazing angle, for A=32 cm, is presented in Fig. 14.

A comparison of the experimental and theoretical spectra permits
determination of the prov: sional mean slope of the surface rough-
ness y. The studies showed that the roughness of the Sea of
Serenity 1s characterized by yz2° and, for the very rough sections
including Schickard, Humboldt and Vendelinus craters, yz6-9° was
obtained.

The problem of the scattering of radiowaves emitted by
satellites by the surfaces of planets or the moon has now been
studied in sufficient detall. The theory developed in the
approximation of Kirchoff corresponds well with the experimental
data. The radio reflection method has proved to be effective for
study of the distribution of dielectric constants, density and
characteristic relief forms over the surface of a celestlial body.

This method, in principle, permits construction of a visible
image of the surface of a planet with high resolution, according
to the radio holography principle [52]. In order to obtailn a
visible image of the surface relief by means of reflected radio-
waves, an uneyulvocal correspondence between the coordinate of an
artitrary point on the surface of the planet and the "radio /305
brightness" of a small area including this point must be found.
This task is reduced to a search for the principle of processing
reflected radiowaves received on the earth, which permits a
connection of the coordinates of the point and the "radio bright-
ness" of the corresponding section of the surface to be found.
This is similar to the methods used in side-viewing radar.

4, Monochromatlc Radiowave Propagation in Near-Solar Space

In movement of a spacecraft in the solar system, radlowaves
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propagate in a rarefied, heterogeneous, rapidly moving plasma.
In this case, phase and amplitude fluctuaticns, a changc in the
energy spectrum and a time lag of the radiowaves are manifested.
Since the electron concentration decreases with increase in
distance r from the sun, approximately according to Ne:r'g, it
has a stronger effect near the sun. The results o¢f study of
propagation of ﬁonochromatic radiowaves in the interplanetary
and near-solar plasma have been presented in works [40-48].

A theoretical analysis of the phase and amplitude fluctua-

tions and the changes 1n the radiowave energy spectrum was carried

out in works [43, 45]. 1In these articles, the known theory of
fluctuation of waves in a statisticallyr heterogeneous medium was
used, with a Gaussian autoccrrelation function of fluctuations

cf electron concentration. In this case, it is taken into account

that the heterogeneity of the electron concentration decreases
with increase in distance from the sun, according %o ANe:r—z.
The analysis showed that ‘he root mean square of the phase
fluctuations is determined by an expression of the type
: ] )
al [2 + q? (b : I).x‘ , dr
b — x\2
T ()

APy = A

. (8)

:’}[:1-—- 2reosy + 1]

Here, 2 is ths scale of heterogeneity of the electrun concentra-
tion, expressed in km; f is the frequency in MEz; rarameter g=
0.3-1026 cm“l, A=2‘10"uu cm-sec'z; b=L/a 1s the ratio of the
path length to the astronomical unit; q=2ax/ng, a=l.5-108 km.
The root mean square fluctuation of field intensity is expressed

by the relestionship

b
2 b — 7\?
o iyomel e
BN | TR B [T A
4 ;
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The heverogeneities of the electron concentration in expressions /306

—ee.

(8) and (9) are described by parameters k and %2, and the radio
communications path 1s fixed by its length L=ba and anglev. Angle
v characterizes the location of the beam relative to the sun;

this is the angle between the direction to the center of the sun
and to the spacecraft, with the apex on the earth (Fig. lc).

{APD lia degrees
F — The calculated radiowave

i
t

\ : : i

! AN : ; . ; phase and amplitude fluctuations
Zr“f>‘:— P e vs. angle v, for a path 300
7] SN million km long and frequency f=
f 1000 MHz, are presented in Figs.
L3 — 15 and 16. The radiowave
5 ; fluctuations depend slightly on
L2t path length L. Therefore, these
. ! i graphs hold true at L=200-400
’ i i million km. The phase fluctuations
res— in the probler under consideration
S A A VAP G A are inversely proportional to
¥, degrees
frequency, and the amplit:.de
Fig. 15. Phase fluctuaticns fluctuations for f£>500 MHz are
vs. angle v. inversely proportional to the

square of the frequency. Experi-
mental studles of radiowave amplitude fluctuations were carried
out by radic astronomy methods [50]. These studies correspond to
the case cf locatlon of the radiowave source at infinity. Recal-
culation cf the radio astrcnomy data was carried out in work [U45],
for the case of radio communlications with interplaretary stations,
and good correspondence cof the theory of amplitude fluctuations
and the exrerimental data was demonstrated. DMotion of the
heterogencities of the near-solar plasma should result in spreading
of the raiiowave energy spectrum. The theory of this phenomenon
was presented in [41-43, 457, and the corresponding experimental

22

t

W w > FRRL.

el O e S s,

L Tiren mwedis 2adt 0y

o P RN RIS L 2, SRS B e SR LA e e @

W et o

s



B YIS WLy PS8 T m

R

<(1 £ :?)’42

AN 1

PN |

PSP L

2 .\ i

al : \ ;

. i

! i i

o5 . ! .

i ] | ;

bbb N
€02 :

)f, degrees

Fig. 16. Fluctuations of log
fleld intensity vs. angle wv.

data were presented in wcrks
(46, 47]. The spreading of the
radiowave spectrum was due
basically to phase fluctuations.
It appears rather distinctly at
v<10°,

Detailed studies of radic-
wave propagation through the
near-solar plasma were carried
out, by means of the spacecraft

Mars-2. Angle v was changed

from 30° to 2° in this experiment,

and the path length was about
400 million km.
variatlons in frequency, phase

Increasing

and amplitude and spreading of

the radiowave spectrum were recorded with decrease in angle v.

The energy spectra of the radiowaves emitted by the spacecraft

Mars-2 are presented in Fig. 17,
shown in works [44,

for various angles v. It was

45] that, with large phase fluctuations, the

wldth of the radiowave energy spectrum by half-power level 1is

proportional to the velocity of
inversely proportional to the sc

. . yore , for
AF = Vadysy e,

the near-solar plasma V and
ale of heterogeneity #:

(10)

Here, <A¢2>1/2 i1s the mean phase fluctuation, determined by

expression (8). Expression (10)

holds true at v<1(Q°,

/307

s

/308

The near-solar plasma causes a noticeable time lag in radio- /30

waves.
rermlts the distribution of elec

Measurement of the radiowave time lag at 2 frequencies

tron concentration near the sun
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to be studied [51]. There also is grcat interest in investiga-
tion of the radiowave time lag caused by the gravitational field

of the sun. This phenomenon was investigated in work [49].

The magnetic field of the sun should cause a rotation of
the plane of polarization of radiowaves. This ef 'ect was studied
in work [48], where the distribution oi electron concentration
in the near-solar plasma was successfully measured, with the use
of the Faraday effect.

5. Radio Astronomy with Artificlal Snurces

At the present time, the basic regularitiecs of radiowave
propagation in the solar sys“em have been rather well studied.
The results of these studies, described in the survey, have
enabled new methods of study of the surfaces and atmospheres of
the planets and the moon and of the interplanetary and near-solar
plasma to be developed. Stury of objects iIn the solar system by
radiowave rropagation methods has resulted in the development of
a new section of radio astronomy studies, radio astronomy with
artificial sources. The basic studies carried out by radiowave
propagation methods, by means of spacecraft, are indicated in
Table 1. This table illustrates the possibilities of radio
astronomy with artificial sources.

The basic regularities of radiowave propagation in the solar
system were briefly described in the survey. A more complcte
presentation of this question is given in [52].
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Basic Results of the Study of Radiowave Propagation in
the Solar System

No.

Experiaent

Spacecraft &
Reference

Basic Result

Study of the atmos-
phere and ionosphere
of Mars by radio
occultation

Study of radiowave
propagation in the
dense atmosphere

of Venus during
descent »f space-
craft to surface of
pianet

Study of upper
portion of atmos-
phere and ionos-
phere of Venus by
radio occultation

Studies of reflec-
tion of radiowaves
emitted by lunar
satellites and of
the lunar surface

Study of propaga-
tion of monochro-
matic radiowaves
in interplanetary
and near-solar
space

Mars-2, Mariner-
4' 6' 7 [1' 2' 8-
11]

Venera-4, 5, 6, 7,
8 [12-18])

Mariner-5 [23, 24]

Luna-1l1l, 12, 14,
19, Explorer-35,
Orbiter-1 [27-38]

Mars-1, 2,
Pioneer-6,
Mariner-6, 7 [40-
49]

Dependence of pressure, temper-
ature and electron concentra-
tion of the atmosphere and
ionosphere of Mars on altitude
was studied. Diameter of the
planet was measured and its
relief was studied.

Direct experimental data were
obtained on radiowave propaga-
tion through the entire atmos-
phere of Venus. Radiowave
fluctuations were st:-lied,
which indicated turbulesce of
its atmosphere

Dependence of pressure and
temperature in upper portion of
atmosphe:re and electrcn con-
centration in ionosphere of
Venus on altitude was deter-
mined.

Regularities of radiowave
scattering by various portions
of the lunar suface were studied.
Dielectric constant of the soil
and slope of surface hetero-
geneities were letermined. A
new methcd of study of the
relief, dielectric constant and
density of the planets and the
moon was developed.

Fluctuations, changes of spec-
trum and rotation of plane of
polarization of radiowaves were
studied. Parameters of electron
concentration heterogeneity

were determined. Distributions

of electron concentration in near-
solar and interplanetary space
were measured. Measurement of the
gravitational time lag oi radio-
waves in the field of grativity

- of the sun were carried out.
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